absence of orthologs of MurA and MurB enzymes required for the formation of MurNAc from GlcNAc in bacteria. 11 MurA is a UDP-Nacetylglucosamine enolpyruvyl transferase that catalyzes the first committed step of peptidoglycan synthesis by incorporating enolpyruvate from phosphoenolypyruvate to UDP-GlcNAc. 11 The aim of this review is to provide current understanding of the strategies employed by the bacterium to meet its need for peptidoglycan biosynthesis.
The review will focus on the components of pathways involved in the scavenging of MurNAc, peptidoglycan fragments and sialic acid for peptidoglycan production, and will briefly highlight potential effects of these scavenging activities on the host innate immunity.
| PEPTIDOGLYCAN STRUCTURE AND FUNCTION
Peptidoglycan is a polymer of alternating β-1,4-linked GlcNAc and
MurNAc residues in which MurNAc is attached to l-and l-amino acidcontaining stem pentapeptides crosslinking adjacent sugar chains.
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MurNAc is a unique sugar found only in the chemical make-up of bacteria. The peptidoglycan layer provides a rigid exoskeleton surrounding the cytoplasmic membrane, protects bacteria from osmotic shock and determines the shape of the bacteria. 12 Although the basic chemical structure of peptidoglycan is highly conserved among all bacteria, minor variations do exist. These include differences in the chain length of the peptidoglycan, the nature of peptide crosslinks and their amino acid composition and modification (eg amidation), and the sites and density of interchain linkages. 13, 14 In Gram-negative bacteria, peptidoglycan forms a thin layer in the periplasmic space and in Gram-positive bacteria it forms a thick layer (cell wall) surrounding the single lipid membrane. 11 The Gram-positive cell wall also contains large amounts of teichoic acid, with wall teichoic acids covalently attached to peptidoglycan. 15, 16 Moreover, in some bacteria post-synthetic modification of peptidoglycan glycan backbone occurs via O-acetylation, de-O-acetylation and N-deacetylation. 17 These modifications to the glycan backbone are generally restricted to the C-2 amine or the C-6 hydroxyl moieties of either aminosugar. 17 and in Gram-positive bacteria it is commonly a lysine. 22 There are also variations found in the extent of interpeptide crosslinking and the residues involved in the formation of such interpeptide bridges. 22 Most
Gram-negative bacteria form crosslinks by bonding to the d-alanine at the fourth position with a d-amino group of DAP at the third position on the adjacent muropeptide forming a characteristic dd,4-3 crossbridge linkage. 23 The enzymes responsible for crosslinking are l, dtranspeptidases and attach muropeptides to Braun's lipoproteins on the outer membrane of some Gram-negative bacteria. 23 
| DEPENDENCY OF T. FORSYTHIA ON MurNAc
Peptidoglycan biosynthesis is a highly conserved and complex multi- the cytoplasmic side of the inner membrane. 24 The lipid II precursor is Following the transglycosylation reaction, the glycan strands are covalently linked by peptide bonds through a transpeptidation reaction. 25 A number of excellent review articles on this topic are available 6, [26] [27] [28] [29] and our intent here is to highlight and predict why T. forsythia is unable to synthesize its own MurNAc from simple sugars and depends on exogenous MurNAc or muropeptides for peptidoglycan synthesis. As mentioned above, in most bacteria de novo synthesis of peptidoglycan begins with the metabolic conversion of fructose-6-phosphate, a glycolytic intermediate, to UDP-N-acetylglucosamine (UDP-GlcNAc) ( Figure 1 ). The first reaction in this process catalyzed by glutaminefructose-6-phosphate aminotransferase (GlmS) converts fructose-6-P to glucosamine-6-P using glutamine as a nitrogen source. Next, glucosamine-6-P is converted to glucosamine-1-P by a phosphoglucosamine mutase (GlmM), which is followed by conversion of glucosamine-1-P to UDP-GlcNAc by GlcNAc-1-P uridyltransferase (GlmU). Once UDP-GlcNAc becomes available, the first committed step to peptidoglycan synthesis is the transfer of an enolpyruvate residue from phosphoenolpyruvate to the third position of UDP-GlcNAc by MurA enzyme (UDP-N-acetylglucosamine enolpyruvyl transferase, 
| HOW IS ENVIRONMENTAL MurNAc IMPORTED BY T. FORSYTHIA?
In Escherichia coli and many bacteria, the phosphoenolpyruvate- 
| SURVIVAL THROUGH RECYCLING ENVIRONMENTAL PEPTIDOGLYCAN FRAGMENTS
Many Gram-negative and Gram-positive bacteria recycle a large proportion of their peptidoglycan components during their growth and cell division (septation). This is a beneficial trait that possibly all bacteria possess. However, the magnitude of recycling in a species may differ depending on the need. Given that Gram-positive bacteria contain a much larger portion of peptidoglycan in their cell wall, peptidoglycan recycling and recovery is thought to be more important and beneficial to a Gram-positive species compared with a Gramnegatives species. 34 Peptidoglycan recycling is even more critical for the survival of T. forsythia as the bacterium is unable to synthesize its own peptidoglycan precursors. The dependence of T. forsythia on exogenous growth factors and peptidoglycan precursors became evident early on, through the experiments of Tanner and co-workers demonstrating that the bacterium growth required F. nucleatum co-streaking as a helper species on agar plates 4 or culturing with F. nucleatum in co-cultures separated by a dialysis membrane. 35 Subsequently, the dependency of the bacterium on peptidoglycan precursors became evident when it was demonstrated by Wyss 5 that the bacterial growth could be restored with MurNAc. In an in vivo situation, it is reasonable to conclude that T. forsythia uses peptidoglycan precursors that are released by the cohabiting bacteria during their cell wall recycling. Generally, in bacteria about two-thirds of peptidoglycan is degraded during cell wall turnover in cell division by lytic transglycosylases and endopeptidases, releasing GlcNAc-1, 6-an
as a major degradation product. In most Gram-negative bacteria, the released muropeptides are then recycled into the cytoplasm via the AmpG-like permeases. 6, 27, 28 Orthologs of peptidoglycan recycling enzymes have been identified in some Gram-positive bacteria as well, such as in Bacillus subtilis and Clostridium acetobutylicum. 34, 36 In some bacteria, peptidoglycan fragments (muropeptides) function as important messengers in bacterial communication, and as antidormancy and spore resuscitation signals in some Gram-positive bacteria. [37] [38] [39] In many Gram-negative bacteria, but not E. coli, muropeptide fragments entering the cytoplasm due to cell wall damage or cell wall recycling regulate induction of chromosomal AmpC-type β-lactamases, which can provide resistance to β-lactam antibiotics. 27 For the purpose of peptidoglycan synthesis, after entering the cytoplasm, muropeptides are further broken down by amidases and carboxypeptidases to release GlcNAc, anhMurNAc, murein tripeptides and d-Ala, which then enter the peptidoglycan biosynthetic pathway. 6, 27, 28 In the oral cavity, peptidoglycan fragments released from the cohabiting bacteria as a result of their cell wall turnover or death are expected to be available to T. forsythia. Importantly, scavenging on these fragments by T. forsythia is even more significant given that the human host does not make the peptidoglycan amino sugars. Direct evidence that T. forsythia can use muropeptides derived from cohabiting bacteria was recently provided by our group. 40 We showed that the growth of T. forsythia can be sustained on muropeptides extracted from F. nucleatum for multiple passages. 40 We predict that dependence of T. forsythia on F. nucleatum peptidoglycan dictates a close physical association between these two organisms in the dental plaque, 41 and synergistic effects on co-biofilm activity and virulence. 42, 43 This prediction is based on previous studies that showed that these organisms form synergistic biofilms in vitro, 43 induce synergistic alveolar bone loss in mice in a mixed oral infection setting, 42 and are found in close proximity to each other in a human subgingival plaque biofilm. 41 Interferingly, the T. forsythia AmpG permease (Tf AmpG) is under the direct control of a transcriptional regulator, 40 GppX, a unique hybrid two-component system (TCS)
regulator comprising an N-terminal histidine kinase sensor domain fused to a central receiver and C-terminal response regulator domain with a putative AraC-like helix-turn-helix DNA binding motif. 44 A Tannerella forsythia mutant lacking GppX with a functional AmpG permease is severely growth impaired on muropeptides as the sole peptidoglycan precursor source. 40 It remains to be determined how 
| SCAVENGING ON HOST SIALIC ACID FOR SURVIVAL IN BIOFILMS
An interesting discovery was made by Stafford and co-workers that showed that N-acetylneuraminic acid (Neu5Ac) or sialic acid can be substituted for MurNAc when T. forsythia is grown in biofilms. 47 This suggested that T. forsythia must have the ability to convert sialic acid into MurNAc and subsequently peptidoglycan. Tannerella forsythia possesses a dedicated sialic acid utilization system, which includes sialidase (NanH) for releasing terminal sialic acid from host glycoconjugates, sialic acid transporter (NaT/NanO) and sialic acid catabolism (NanA and NaE enzymes) 47 ( Figure 3) . Sialic acid is a nine-carbon sugar that is located at the terminal positions of eukaryotic glycoconjugates such as salivary mucins or glycoproteins that coat mucosal surfaces. late the host immune response. [48] [49] [50] Moreover, metabolic pathways exist in some bacteria that allow them to direct sialic acid into peptidoglycan synthesis. [48] [49] [50] [51] [52] [53] As mentioned above, although sialic acid is nutritionally important for the growth of T. forsythia in biofilms, 47 sialic acid utilization is also critical for the survival of T. forsythia on epithelial cells. 54 It was observed that, compared with the parental strain, a sialic acid transport-deficient mutant was significantly less fit to survive on oral epithelial cell monolayers. 54 Not only epithelial cells, but other bacteria with which T. forsythia is known to interact, such as F. nucleatum can provide sialic acid. We and others have shown that many strains of F. nucleatum express surface sialic acid, 55, 56 and specifically in the case of F. nucleatum strains, sialic acid is a component of the lipopolysaccharide O-chain. 55 It is predicted that sialic acid after entering the cell via NanOU/NanT transporter is converted to GlcNAc-6P by the action of NanA, NanK and NanE enzymes encoded by the sialic acid utilization Nan operon 47 ( Figure 3 ). GlcNAc-6P can either enter the energy utilization pathway, or be shunted into a peptidoglycan biosynthetic pathway as depicted in Figure 3 . Strikingly, as mentioned above, orthologs of Glm enzymes required for the entry of GlcNAc into the MurNAc/peptidoglycan synthesis pathway have not been detected in the T. forsythia genome and it remains to be determined how this pathway of sialic acid to peptidglycan synthesis is completed in the cell.
| CONCLUSIONS
The nutritionally fastidious bacterium T. forsythia depends on exogenous MurNAc and muropeptide fragments, which are likely made available to the bacterium by the cohabiting bacteria in the oral cavity. 
ACKNOWLEDGEMENTS
We thank Graham Stafford for his computational help on genetic loci involved in sialic acid and peptidoglycan utilization. We would also like to thank Tsuyoshi Uehara for his invaluable suggestions and help in providing plasmid constructs for studies on peptidoglycan utilization performed in the corresponding author's laboratory. The work in the corresponding author's laboratory was supported in part by U.S.
Public Health grants DE14749 and DE22870. A.R. was supported by T32 training grant DE023526.
